We report on the formation of deep-subwavelength nanohole arrays embedded in silicon carbide nanoripples fabricated by an 800 nm femtosecond laser in an underwater environment. The period of the nanoripples is about 500 nm. The ripples are perpendicular to the polarization direction of the incident laser. The diameter of the holes is about 30 nm, and the period of the hole array is about 60 nm. Nanoripple formation is attributed to interference of the incident laser and a laser-induced plasma wave. Nanohole array formation is attributed to the formation of channel plasmon polaritons in the laser-induced nanogrooves associated with the nanoripples.
The laser has become an important tool for microand nanomachining. Specifically, the femtosecond laser has proved to be a versatile micromachining tool because it can deposit energy into a transparent material through high-order nonlinear absorption [1] [2] [3] . It has been applied to drilling, patterning, and synthesizing various types of micro-and nanostructures in both metals and semiconductors [4] [5] [6] [7] [8] [9] [10] . Among these structures, laser-induced nanoripples have gained considerable attention from researchers owing to their potential applications in photovoltaics, surface texturing, and 3D data storage. Accordingly, there have been many studies on the fabrication of nanoripples both on surfaces and in bulk [11] [12] [13] [14] .
The formation of nanoripples on a surface would change how incident laser light interacts with the material, and the physical picture would be more complicated [15] . In particular, since the width of the laserinduced nanogrooves is about 10-50 nm [16] , which is much smaller than the incident laser wavelength, light waves cannot propagate in such a small structure because of the diffraction limit. Therefore, it can be expected that surface plasmon polaritons (SPPs) could be generated and confined in the nanogrooves, which would induce much smaller nanostructures on the surface of materials. However, most recent works focused only on characterizing the morphology and formation mechanism of the nanoripples. Few studies have been reported on the nanostructures induced by the SPPs in the laserinduced nanogrooves.
In this Letter, we report on the observation of deepsubwavelength nanohole arrays embedded in the nanogrooves of nanoripples on a silicon carbide (SiC) surface irradiated with an 800 nm femtosecond laser in an underwater environment. The phenomenon is attributed to the formation of channel plasmon polaritons (CPPs) in the nanogrooves. Clear nanoripples were formed first; then the deep-subwavelength nanohole arrays appeared with decreasing laser scanning velocity. A scanning electron microscope (SEM) equipped with an energy-dispersive x-ray spectroscope (EDS) was employed to characterize the morphology and chemical composition of the nanoripples and nanohole arrays. We proposed a possible mechanism to explain the formation of the nanohole arrays. Additionally, we discussed the influence of the incident laser polarization direction on the nanohole arrays.
The experimental setup ( Fig. 1) consists of a femtosecond laser source, an attenuator, a neutral density filter, a mechanical shutter, an xyz movable stage, a computer, and a CCD camera. The laser used was an amplified Ti:sapphire femtosecond laser system (Coherent Inc., USA) with a pulse duration of 150 fs, wavelength of 800 nm, and repetition rate of 1 kHz. The attenuator provided a convenient way to adjust the laser energy, and the mechanical shutter was employed to control the access of the laser beam. The movable stage, on which the SiC sample could be mounted, was controlled by a computer program and allowed us to fabricate structures on the patterns with high precision. The CCD camera was connected to a computer for clear online observation of the SiC pattern surface during fabrication. A 10× microscope objective with numerical aperture (NA) of 0.3 was employed to focus the laser onto the surface of the pattern. The diameter of the spot on the pattern was about 10 μm.
In our experiments, a 6H-SiC pattern 350 μm in thickness was used. First, it was cleaned in acetone and deionized water with an ultrasonic field for 10 min each; then it was immersed in a smaller water pool before being mounted on the movable stage. The laser beam was focused onto the pattern via an optical microscope objective lens. During fabrication, the surface of the SiC pattern could be seen either via optical microscope or on the computer screen connected to the CCD camera. After laser irradiation, an SEM equipped with an EDS was employed to study the morphology of the structures on the SiC surface. Figure 2 shows the nanoripples and deep-subwavelength nanohole arrays formed on the SiC surface. The average laser power was 15 mW. At a laser scanning velocity of 2000 μm∕s, corresponding to about 80% overlap between two successive laser pulses, clear nanoripples were formed on the surface of the pattern, as shown in Fig. 2(a) . The period of the nanoripples is about 500 nm, and the width of the nanogrooves is about 15 nm. The nanoripples were perpendicular to the laser polarization direction. As the laser scanning velocity was decreased to 1500 μm∕s, corresponding to about 90% overlap between two successive laser pulses, deep-subwavelength quasi-periodic nanohole arrays with a period of 60 nm and diameter of 30 nm were formed in the nanogrooves, as shown in Fig. 2(c) . Note that the nanoholes are much smaller than the wavelength of the incident laser, which is 800 nm. Such deep-subwavelength nanohole arrays have not been reported elsewhere. We attributed their formation to the guiding effect of the CPPs on the nanogrooves associated with the nanoripples [17, 18] . Figure 3 illustrates the formation mechanism of the nanohole arrays in a nanogroove. For convenience, the laser-induced nanogroove is assumed to be a V-shape groove. When being irradiated by femtosecond laser, the nanogrooves were formed first; the nanogrooves effectively coupled incident light and converted it into a plasma wave [19] . At this stage, the SiC surface should behave like a metal [15] . Further, the nanogrooves supported the propagation of CPPs. The deep-subwavelength nanohole arrays can be attributed to the periodic distribution of the intensity of the CPPs along their propagation direction. The periodic distribution of the CPPs is probably due to the interference of two CPPs propagating in opposite directions inside the nanogrooves. It is worth mentioning that the incident laser beam is symmetric, and the laser beam spot focused by the microscope is much larger than the nanoripples. Therefore, CPPs could probably be generated and propagate in opposite directions, interfering with each other to form the periodic distribution of CPPs along the nanogrooves.
We attribute the formation of the nanoripples to interference between the incident laser beam and the laser-induced surface plasma wave [15] . The period of the nanoripples can be calculated as follows:
where Λ is the period of the nanoripples; λ is the incident laser wavelength; θ is the incident angle; λ sp is the wavelength of the laser-induced plasma wave; ξ 0 is the real part of the dielectric constant of the laser-induced plasma, which may fulfill the condition for a metal, ξ 0 < −1; and ξ d is the dielectric constant of dielectric material (ξ d 1.3 for water). According to the formula above, the period of the nanoripples reaches its maximum λ sp at normal incidence. Note that the period of the ripples is slightly smaller than the result reported by the author of [20] , in which the ripple period is about 600 nm. This is because the ξ d value of water is 1.3, whereas that of air is 1; consequently, according to the formula above, the λ sp induced in water is smaller than that induced in air. It is worth mentioning that such clear nanoripples and nanogrooves are difficult to achieve when fabricating SiC in ambient air, because under irradiation in ambient air, the debris redeposited on the surface during laser treatment could scatter the incident light, severely damaging the structure of the nanopatterns on the surface. Figure 2 (b) shows a typical surface irradiated with the same laser parameters in ambient air. In contrast, underwater micromachining has several advantages, such as higher plasma pressure due to confinement, more effective cooling of the workpiece and ejected material, and a smaller focal spot size [21] . Therefore, as the pattern was immersed in water, clear nanoripples and nanogrooves were easily fabricated.
We also studied the influence of the laser polarization direction (E) on the deep-subwavelength nanohole arrays. Figure 4 shows the morphology of the nanohole arrays and ripples with E perpendicular and parallel to the laser scanning direction. Nanohole arrays were formed in both cases, and their direction changed with the polarization direction of the incident laser. This is because the direction of the nanogrooves changes with the polarization direction, and as discussed above, the formation of the nanohole arrays is due to the formation of nanogrooves, which further emphasize the guiding effect of the CPPs. Therefore, the direction of the nanohole arrays changes with the polarization direction of the incident laser. This also supports the idea that the formation of nanogrooves is very important to the formation of nanohole arrays; this is why the phenomenon could not be seen when patterns on SiC were fabricated in air.
Since the wavelength of the fundamental mode of CPPs increases with the increase of incident laser wavelength [22] , it is expected that the period of the nanohole array increases with the increase of the laser source wavelength, and the diameter of the holes may also change due to the redistribution of energy in the nanogrooves. However, as the wavelength of the laser source changes, the absorption of the material would be changed, leading to the change in geometric properties of the laser-induced nanogrooves, which also have great influence on the CPPs. Thus, much effort is needed in future work to understand the influence of the laser source wavelength on the nanohole arrays and verify the proposed model in the present work.
In conclusion, we observed the formation of deepsubwavelength nanohole arrays embedded in nanogrooves associated with nanoripples fabricated under irradiation by an 800 nm femtosecond laser in an underwater environment. Clear nanoripples were formed first; then, as the laser scanning velocity decreased, nanohole arrays appeared in the nanogrooves. The period of the nanoripples is about 500 nm. The ripples are perpendicular to the polarization direction of the incident laser. The size of the holes is about 30 nm, and the period is about 60 nm. Nanoripple formation can be attributed to interference of the incident laser and the laser-induced surface plasma wave. Further, the formation of the deepsubwavelength nanohole arrays is attributed to the guiding effect of CPPs on the nanogrooves associated with the nanoripples.
